Exposure to indoor air pollution is an emerging world-wide problem, with growing evidence that it is a major cause of morbidity worldwide. Whilst most indoor air pollutants are of outdoor origin, these combine with a range of indoor sourced pollutants that may lead to high pollutant levels indoors. The pollutants of greatest concern are volatile organic compounds (VOCs) and particulate matter (PM), both of which are associated with a range of serious health problems. Whilst current buildings usually use ventilation with outdoor air to remove these pollutants, botanical systems are gaining recognition as an effective alternative. Whilst many years research has shown that traditional potted plants and their substrates are capable of removing VOCs effectively, they are inefficient at removing PM, and are limited in their pollutant removal rates by the need for pollutants to diffuse to the active pollutant removal components of these systems. Active botanical biofiltration, using green wall systems combined with mechanical fans to increase pollutant exposure to the plants and substrate, show greatly increased rates of pollutant removal for both VOCs, PM and also carbon dioxide (CO 2 ). A developing body of research indicates that these systems can outperform existing technologies for indoor air pollutant removal, although further research is required before their use will become widespread. Whilst it is known that plant species selection and substrate characteristics can affect the performance of active botanical systems, optimal characteristics are yet to be identified. Once this research has been completed, it is proposed that active botanical biofiltration will provide a cheap and low energy use alternative to mechanical ventilations systems for the maintenance of indoor environmental quality.
Introduction

Urban air pollution; sources and concerns
Air pollution has long been recognised as a major cause of morbidity, especially in urban populations. As modern people spend an increasing proportion of their lives indoors (Klepeis et al., 2001) , human exposure to many air pollutants is far greater indoors than occurs in the outdoor environment (Molloy et al., 2012) . Whilst indoor air pollutant concentrations are generally very low, lifetime exposure is known to lead to adverse health effects (Wolkoff, 2013) . As building fresh air exchange rates are continually reduced in an effort to improve energy efficiency, and populations worldwide shift towards greater urbanisation (World Health Organization, 2016) , this situation is increasing in significance. In the United States, it has been estimated that 800,000-1.2 million buildings may be associated with building-related illnesses, exposing 30-70 million workers to unhealthy working conditions (Fiedler et al., 2005) .
The primary source of most indoor air pollution is through outdoor pollutants entering a building. These pollutants are then augmented by indoor-generated pollutants. These include carbon dioxide from occupant respiration, dust and other forms of particulate matter (PM) depending on the nature and intensity of occupant activity, such as cooking, solid fuel heating and cigarette smoking (Buonanno et al., 2009) , and a range of volatile organic compounds (VOCs), which are organic materials that are off-gassed from most synthetic materials, solvents and cleaning products (Torpy et al., 2015) .
Irrespective of the source of indoor air pollutants, contemporary building ventilation rates are generally insufficient to remove them effectively, thus they accumulate in the indoor space (Weschler, 2009 ), leading to concentrations of some compounds that are 2 4 times higher than those of the same pollutants in outdoor air (Jafari et al., 2015) . Building energy -use has become a growing concern since the 1970's (Seppänen et al., 2006) . In an effort to reduce thermal exchange with outdoor air, The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) have several times adjusted their standard for building ventilation rates, reducing the rate at which indoor air should be replaced with outdoor air (Burroughs and Hansen, 2004) . Concurrently, there has been a growth in the use of materials that emit gaseous compounds, in particular the development of a diverse range of plastics (Jafari et al., 2015) . Whilst recent initiatives to utilise safer materials has led to reductions in off gassed VOCs along with a general ambivalence in the building industry to the low levels of pollutants often found indoors (which are generally in the parts per billion range), there is a growing body of evidence documenting pollutant-associated symptoms even in buildings that were previously considered 'clean' (Colbeck and Nasir, 2010) . This situation is now at a stage where indoor air pollution has become a major consideration in public health, and is now listed as a major environmental health risk by the World Health Organization (World Health Organization, 2010) . Indoor air pollution health-associated costs for developed countries is likely to be just under US$90 trillion (Hutton, 2013) .
narcotic, and lead to dry eyes, sore throat, nose congestion, sneezing, along with shortness of breath, coughing and headaches (Erdmann and Apte, 2004) . There is a well-documented association between increased CO 2 levels and poor health outcomes, academic performance and work productivity in building occupants (Milton et al., 2000; Bakó-Biró et al., 2004; Erdmann and Apte, 2004; Seppänen and Fisk, 2004; Seppänen et al., 2006; Shaughnessy et al., 2006) . The means by which CO 2 is controlled in buildings is normally through ventilation with outdoor air by the ventilation component of heating, ventilation and air conditioning (HVAC) systems: If the ventilation rate is insufficient, CO 2 accumulation will occur (Redlich et al., 1997) .
Suspended particulate matter
Indoor PM is sourced through the transfer of outdoor air pollution through ventilation systems or building openings, along with the emission or re-suspension of indoor sourced particles from activities such as smoking, cooking and cleaning (Morawska et al., 2003) . Fine PM with an aerodynamic diameter of <2.5 mm (PM 2.5 ) is of particular concern, as these finer particles can penetrate more deeply into the respiratory system, and thus have greater health effects than coarser particles (Xing et al., 2016) . The association between elevated PM levels and adverse health effects is becoming increasingly prominent, as is the documented presence of problematic PM levels in some indoor environments (Wyzga et al., 2015; Maji et al., 2017; Tunno et al., 2015) . Currently, clear associations between PM exposure and health symptoms relate to cardiovascular, respiratory and venous thromboembolic disease (Bari et al., 2014) .
Urban fine PM is mainly composed of black carbon associated with harmful hydrocarbons, resulting from diesel engine use (Rohr and Wyzga, 2012) . Thus, most harmful indoor PM is of outdoor origin. Whilst most modern buildings utilise filters in their HVAC systems, filtration efficiency for fine and ultra-fine PM is generally under 20% (Riley et al., 2002) , with more efficient filtration met with significantly increased energy requirements (Quang et al., 2013) .
Air quality bioremediation
It is clear that indoor air quality is a growing concern worldwide. Whilst there are a range of physiochemical methods available for the mitigation of these pollutants (eg. see Torpy et al., 2015) , all of these methods are expensive, limited in the number of pollutants they can remove, and require energy to run. Utilising biological processes for air pollutant removal thus has considerable potential if cost-effective and safe systems with adequate efficiency can be developed (Kim et al., 2018) .
The current article thus describes the major stages in the development of botanical phytoremediation systems that have allowed them to become practical alternatives for the maintenance of healthy indoor environments.
Botanical systems can improve air quality
It was initially found that plants could be of value in maintaining air quality in a sealed environment during research aimed at developing Biological Life Support Systems (BLSS) for use in space craft and space stations (André and Chagvardieff, 1997; Salisbury et al., 1997) . Whilst the primary use of plants in these systems was for food supply, it was also found that the crop plants could contribute substantial CO 2 and VOC removal (Wheeler et al., 1996) , the latter being of particular concern after the identification of high VOC levels in NASA trials (Wolverton et al., 1984) . Subsequently, NASA conducted a range of studies that showed that many species of indoor plant were highly effective removing a range of VOCs from sealed chamber atmospheres (Wolverton et al., 1984; Wolverton and Wolverton, 1993) . These proofof-concept trials provided clear evidence that plants could play a role in the removal of air pollutants from sealed atmospheres. The generalisation of these effects to the built environment began with the study by Wood et al. (2002) , who recognised that contemporary, highly sealed buildings were not dissimilar to the sealed spacecraft tested by NASA. Wood et al. (2002) determined that repeated doses of high-level VOCs could be removed with a single potted plant system, and this activity could be sustained indefinitely, with accelerating rates of removal on successive doses ( Figure 1 ). VOC removal rates in these chamber studies were very high, with a 10 ppm dose completely removed from the chamber atmospheres within 24 h, once the system had been 'induced' for benzene removal with an initial 10 ppm dose. The most significant finding of Wood et al. (2002) , however, was the identification that VOC removal, at least for the hydrophobic VOC benzene, was likely to be largely a bacterial, rather than a plant mediated process. This was determined from the finding that the removal of the plant leaving only the potting mix did not have a major effect on VOC removal, and that plants in hydroponic media, with a substantially lower bacterial density to potting mix, had considerably reduced VOC removal rates (Figure 1 ). In contrast to these findings, plants may play a major role in the removal of hydrophilic VOCs, such as formaldehyde, the removal of which is clearly through a different but complementary phytoremediation pathway (Kim et al., 2008 (Kim et al., , 2010 .
The development of static botanical systems
The determination that VOC removal by potted plants was largely a microbial process led to the idea that if the bacteria responsible for the process could be identified and their growth accelerated, VOC removal could be enhanced. Torpy et al.
(2013) thus used carbon source utilization profiles (community level physiological profiling), through the use of Biolog
MicroPlates; (eg. Grayston and Prescott, 2005) to identify carbon sources that favoured the growth of VOC-degrading bacterial, and using them to 'biostimulate' the substrate of potted plants. Whilst his process was successful, achieving a ~15% increase in VOC removal rates (Figure 2 ), this work was not developed further, and thus has not been used in practice. Irga et al. (2013) expanded on this research, examining hydroculture systems that were specifically designed for VOC removal. As was the case in Wood et al. (2002) , whilst effective air pollutant removal systems were developed, they did not match the effectiveness of organic potting mixes (Figure 3 ), reinforcing the theory that a complex bacterial community is required for effective VOC remediation.
With the discovery that potted indoor plants could prove effective in mediating VOC levels in occupied buildings (see following section), work then progressed to study whether indoor plants could be effective for CO 2 removal, and in doing so, reduce building ventilation energy requirements. Thus Torpy et al. (2014) tested the static chamber CO 2 removal rate of a range of indoor plants at a range of light levels. This research found that normal indoor light levels were insufficient to support adequate photosynthesis to perform a useful CO 2 removal role, however with additional light, significant photosynthetic CO 2 removal occurred (Figure 4 ). Whilst promising pollutant removal was recorded in these chamber closed circles = potting mix (Means ± SE, n = 4). Reprinted from "Can hydroculture be used to enhance the performance of indoor plants for the removal of air pollutants?", by P.J. Irga et al., 2013, Atmospheric Environment, 77, pp. 267 271. - studies, to have a meaningful effect on indoor CO 2 levels in full-sized buildings it was estimated that a very large number of plants would be required, along with very high indoor light additions (Torpy et al., 2014) .
In situ effectiveness
Whilst effective pollutant removal rates have been demonstrated in trials using small (<1 m 3 ) sealed chambers, it is not fully clear whether these findings can be generalised to full scale buildings (eg. Llewellyn and Dixon, 2011) . Of the few in situ studies performed, Wood et al. (2006) compared VOC levels in a number of university offices with none, 3 or 6 large (300 mm diameter) indoor plants over two, nine-week periods. They found that, whilst zero-plant offices had considerably higher VOC levels than nearby outdoor areas as expected, offices with either 3 or 6 plants had VOC concentrations similar to outdoor levels, with total VOC concentrations consistently below 100 parts per billion ( Figure 5 ). Whilst CO 2 levels were also slightly lower in offices containing plants, the magnitude of the effect was insufficient to be of real value, with mechanical ventilation still necessary to maintain CO 2 at habitable levels. 
Active phytoremediation
The primary limitations of potted plant systems for practical pollutant management indoors are the rate at which pollutants can migrate to the active system components (ie. substrate for VOCs, plant leaves for CO 2 ), and the large numbers of plants required for meaningful air cleaning (Waring, 2016) . Both of these problems can be overcome with active biofilter / green wall technology, which is the most recent development in indoor botanical air cleaning. Active biofilters use some form of mechanical system to increase the rate that polluted air is exposed to the plant substrate and plants themselves. Almost all of the systems developed use electric fans for this purpose (eg. see Figures 7 and 8) . The use of active systems was first postulated in the previously described NASA studies, where Wolverton et al. (1989) suggested that the addition of a small air pump to a potted plant could increase the rate at which pollutants could be transferred from the atmosphere to the plant substrate, and thus bioremediated.
The first research to test active systems was Darlington et al. (2001) , who found that whilst specific VOC removal rates were highest with slower airflow rates (and thus longer pollutant residence time in the substrate), the greatest volumetric air cleaning rates were achieved with high airflow rates. These findings were corroborated by Delhoménie and Heitz (2003) . As predicted, the systems tested by these authors had very high VOC removal rates relative to the floor areas their systems occupied, indicating the potential of active vertical garden systems for effective air cleaning. Wang and Zhang (2011) developed a 'dynamic biological air filtration system' specifically targeted at air quality phytoremediation. This system, along with the biological components involved in botanical air cleaning systems, included activated carbon in the substrate, leading to very high VOC removal efficiencies for toluene and formaldehyde (91.7% and 98.7% respectively).
Recent work by Torpy et al. (2018a,b) using commercially-available active green wall systems has further documented their efficacy at VOC removal for a range of diverse VOCs.
Regarding CO 2 removal, Su and Liang (2015) showed that a 5.72 m 2 indoor plant wall could reduce the CO 2 concen- tration of a small room from 2000 to 800 ppm within an hour. Torpy et al. (2017) showed that, whilst passive green walls (i.e. those without any means of active airflow through the substrate) were capable of considerable CO 2 removal, adding airflow through the substrate significantly increased the CO 2 removal rates ( Figure 6 ). Whilst the authors ) did not examine this phenomenon explicitly, it was suggested that the volumetric increase in atmospheric exposure to the plant foliage may have led to this increase in performance.
The value of these findings aside, it is likely that the major barrier to effective active green wall CO 2 mitigation in practical applications will relate to light availability, as providing the high light levels required for adequate photosynthetic activity, whilst maintaining habitable indoor workspaces, may prove challenging ).
The performance development of active botanical biofilters
Whilst active botanical biofiltration has clear potential for practical removal of VOCs and CO 2 under some circumstances, the use of accelerated airflow through biological material offers the potential for the generation of hazardous mould spores. The research performed by Irga et al. (2017) , however, demonstrated that, as the plant growth substrate in active green walls functionally acts as a filtration matrix, active biofilters do not increase the fungal spore load in buildings, and may even reduce them in some cases.
This filtration capacity was recognised by several authors as having the potential to remove particulate matter, along with VOCs and CO 2 from the air. Whilst it is well known that outdoor plants can accumulate PM (Saebø et al., 2012) ;
indoor plant PM removal has been comparatively poorly studied. Stapleton and Ruiz-Rudolph (2016) showed that the presence of a range of indoor plants was associated with fine PM removal in a static chamber study, with leaf surface area the main determinant of PM reduction. A subsequent study by Weerakkody et al. (2017) also noted that leaf area was the main plant characteristic that affected plant PM deposition.
The first attempt to test PM removal by an active green wall system was by Lee et al. (2015) , with their system removing 83 90% of PM -10 (particles with an aerodynamic diameter of <10 m), and 65 73% removal efficiency for PM μ -2.5
( Figure 7) , with efficacy depending on a 'humidifying' cycle, whereby water was atomised into the polluted airstream before entry into the biofilter substrate (Figure 8 ). Irga et al. (2017) developed these trials further, using a commercial system (The Breathing Wall) developed by Australian company Junglefy Pty. Ltd. In this system, polluted air is pumped into an aperture in the rear face of a polyethylene case, where it enters a plenum before distribution across the rear face of the plant growth substrate (made from coconut husks), before returning to ambient through the plant foliage Figure 9) . To match contemporary particulate filter testing methods, Irga et al. (2017) tested the single pass removal efficiency (SPRE) of their green wall system, whereby the ability of the system to reduce a single pass of polluted air through the matrix was documented, using a flow-through test system (Figure 10 ).
The results of these trials were promising, with ~50 80% single pass removal efficiency for both coarse and fine -particles. Interestingly, Irga et al. (2017) also compared biofilters with plants against those where the plants had been removed, leaving only the coconut husk plant growth substrate. This study found that the planted biofilters had greater PM removal efficiency than those with only substrate, indicating that the plants played a role in increasing filtration efficiency ( Figure 11 ).
This idea was developed further by Pettit et al. (2017) , who tested biofilters of the same type as used by Irga et al. (2017) but containing a range of different plant species. They found considerable differences in filtration efficiency amongst plant species, specifically that fern species, such as Nephrolepsis exalta bostoniensis ('Boston fern') produced active green walls with considerably higher PM filtration potential, including for ultra-fine particles (Figure 12 ). The proposed rationale for this observation was that the very fine root system possessed by these plant species forms a matrix that has a high affinity for the diesel smoke particulate stream tested. The system developed by Pettit et al. (2017) had greater filtration efficiency than the particulate filters commonly used in modern buildings, indicating that plant based systems have valuable potential for practical use.
For use in highly polluted environments, along with effective pollutant removal, biofilter plants will need to be capable of tolerating continuous exposure to high pollutant levels. Whilst differences in pollution tolerance between plant species in passive green walls (eg. Pandey et al., 2015) , only the study by Paull et al. (2018) has comparatively trialled the Reprinted from "An assessment of the atmospheric particle removal efficiency of an in-room botanical biofilter system", by P.J. Irga et al., 2017, Building and Environment, 115, pp. 281-290. pollution tolerance of active green wall plants. These authors found that, as is the case for passive green wall plants (Pandey et al., 2015) , fig species (Ficus spp.) were generally more tolerant than most other groups, although all species tested had reasonable tolerance, even to very high intensity pollution exposure. It is thus likely that a range of plants will be suitable for broad scale active green wall implementation, and it is probable that pollutant removal efficiency will have a greater importance in plant selection than tolerance to pollutants.
The type of substrate used in active green wall systems has also been the subject of some research. While Zhang's (2011, 2014) system showed that the addition of activated carbon can increase the VOC removal capacity of Figure 11 . Single pass PM removal efficiencies of the active green wall system tested by Irga et al. (2017) . TSP: total suspended particulates. Reprinted from "An assessment of the atmospheric particle removal efficiency of an in-room botanical biofilter system", by P.J. Irga et al., 2017, Building and Environment, 115, pp. 281-290 . botanical biofilters, the study by Pettit et al. (2018a) demonstrated that the use of this additive may lead to reduced PM removal efficiency. This study also showed that substrate particle size (for coconut husk substrates) had variable effects on the removal of different types of VOCs, with medium-sized fractions producing the best general performance. Overall, substrate development for active botanical biofiltration systems designed for air pollutant removal is a poorly developed field (see Pettit et al., 2018b) , and considerable further research will be required before the factors that contribute to VOC, PM and CO 2 mitigation are fully resolved.
Future directions
Currently, active green wall technology is not widely used for air pollutant mitigation, despite the growing body of research showing highly promising potential. Whilst the major barrier to the uptake of this technology is most likely due to insufficient promotion of its benefits (eg. Torpy et al., 2015) , there are valid criticisms of the testing that has been performed to date. Most research has been performed in small chambers, and the tested systems have not been adequately trialled on full scale buildings (Torpy et al., 2015; Soreanu, 2016) . Most VOC research has used unrealistically high VOC concentrations, and there remains insufficient understanding of how botanical systems perform at real-world VOC levels in the parts per billion range . As stated previously, both plant species selection and substrate development are still at a nascent stage, and optimal system components have yet to be identified. The means by which active green wall air cleaning devices could be best integrated into existing building designs is also untested. A promising development application of botanical air filtration systems is their integration in building ventilation systems, where the normal air conditioning system ventilation fans force outdoor or recirculating indoor air though the biofilter before return to the indoor space. Wang and Zhang (2011) and Treesubsuntorn and Thiravetyan (2018) tested botanical biofilters of this type.
